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a  b  s  t  r  a  c  t
Red  sea  bream  is  one  of  the  most  important  aquaculture  ﬁsh  species  in  Japan.  To  improve  the  productivity
of  this  ﬁsh  during  seed  production,  improved  growth  traits  and  reduced  size  variation  are  needed.  In  this
study,  we  assessed  parental  contribution  of fast-  and  slow-growing  individuals  observed  in two  different
rearing  phases  in a mass  production  lot:  (1) 50 dph reared  in  a tank  and  (2)  200  dph  reared  in a  net
cage.  We  also  assessed  GH  gene  (pmaGH)  polymorphisms  based  on  a previously  developed  minisatellite
DNA  marker.  Speciﬁc  broodstock  individuals  were  signiﬁcantly  associated  with  fast-  or slow-growing
individuals  at  50  dph and 200  dph.  Signiﬁcant  differences  in  pmaGH  minisatellite  allele  frequencies  wererowth hormone
rowth trait
inisatellite
NA parentage
observed  between  fast-  and  slow-growing  groups  at 50 dph in  the  frequency  of  two  alleles  (pmaGH-740
and  pmaGH-900,  respectively).  Combining  the  results  of  DNA  parentage  analysis  and  pmaGH  minisatellite
allele  analysis,  one  dam  and  two  sires,  possessing  pmaGH-740,  were signiﬁcantly  associated  with  the
slow-growing  groups.  These  results  suggest  that  the minisatellite  marker  of  pmaGH  could  be  a  useful
tool  for  growth  selection  of  this  ﬁsh species.
© 2015  The  Authors.  Published  by Elsevier  B.V. This  is  an open  access  article  under  the  CC BY  license. Introduction
Red sea bream (Pagrus major)  is one of the most cultured ﬁsh
pecies in Japan because of palatability and high economic value.
owadays, around 80,000 tons of this species is cultured per year,
hich is approximately 5-fold the size from catch (Miyashita and
eoka, 2005). This species also has the longest history of domesti-
ation of marine ﬁnﬁsh species in the world (Miyashita and Seoka,
005), and a strain was successfully developed showing faster
rowth than non-selected ﬁsh over 25 years of the intensive breed-
ng program conducted by individually selecting phenotypes for
rowth performance (Murata et al., 1996). We  previously identi-
ed genetic divergence of domesticated stocks of red sea bream
ased on microsatellite DNA markers, and aquaculture stocks of
his species still have enough genetic diversity as a gene pool
Sawayama and Takagi, 2014a). This large genetic diversity is possi-
ly a cause of ﬂuctuation in seed quality in each production lot, and
roodstock and family selections are needed for stable production
f robust seedlings.
∗ Corresponding author. Fax: +81 89 946 9902.
E-mail address: takagi@agr.ehime-u.ac.jp (M.  Takagi).
ttp://dx.doi.org/10.1016/j.aqrep.2015.10.001
352-5134/© 2015 The Authors. Published by Elsevier B.V. This is an open access article u(http://creativecommons.org/licenses/by/4.0/).
Extremely fast- and slow-growing seedlings of red sea bream
are observed during artiﬁcial seed production. Both phenotypes
are observed in every production lot, but the observation ratios of
these phenotypes varied. The possibility of different observation
rates of these seedlings in each production is suggested as dif-
ferences in environmental factors: water temperature, nutrients,
and labor skills. However, the broodstock of this ﬁsh species still
has large genetic variability (Sawayama and Takagi, 2014a), and
genetic factors are suggested as one cause of size variants in this
species. Recently, DNA parentage analysis using microsatellite DNA
markers has become a common methodology for family selection
of mass spawning ﬁnﬁsh in the aquaculture industry (Garber and
Sullivan, 2006; Sawayama and Takagi, 2014b), and this method has
been used to identify broodstock, which is associated with offspring
having robust or poor economic traits (Peruzzi et al., 2006; Borrell
et al., 2011; Sawayama and Takagi, 2011, 2012; Loughnan et al.,
2013). Hence, broodstock selection using DNA parentage analysis
is one possible solution to improve growth traits.
We previously isolated the growth hormone gene of red sea
bream (pmaGH) and developed a highly polymorphic tandem
repeat marker locating intron 3 of pmaGH (Sawayama and Takagi,
2015). Growth hormone is the main regulator of postnatal somatic
growth and stimulates anabolic processes such as cell division,
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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keletal growth, and protein synthesis (Goodman, 1993). Several
tudies have reported the GH gene as a candidate for enhanc-
ng several production traits in livestocks (Hoj et al., 1993; Knorr
t al., 1997; Kuhnlein et al., 1997; Dybus, 2002; Tambasco et al.,
003) and also aquaculture ﬁsh species (De-Santis and Jerry, 2007).
herefore, GH gene polymorphisms are thought to be useful for
arker-assisted selection (MAS) to improve growth performance
n red sea bream.
In the present study, we conducted DNA parentage analy-
is to identify broodstock associated with extremely fast- and
low-growing seedlings at two different rearing phases: (1) 50
ays-post-hatch (dph) cultured in a tank, and (2) 200 dph cultured
n a net cage after transportation to the open sea. The variabil-
ty of the pmaGH polymorphisms was also analyzed based on
he pmaGH -located minisatellite marker, and allele frequency of
maGH between size groups was compared. Finally, we  discuss
arental contribution and pmaGH allele inheritance between size
roups.
. Materials and methods
.1. Fish
A total of 51 broodstock (19 dams and 32 sires) were used for
eed production. The broodstock were allowed to spawn freely in
eptember 2011. Fertilized eggs from two days were collected and
ntroduced to a 50 kL tank at a density of approximately 15,000
ggs/kL. Water temperature was maintained at 20 ± 1.5 ◦C until 30
ph using a chiller that was installed in the system, and after that
o control of water temperature was done (ranged 19.3–23.5 ◦C).
anks were supplied with through-ﬂowing seawater, which had
een previously ﬁltered by a sand ﬁlter and pass through a UV
terilizer. Salinity was approximately 35‰,  the oxygen level was
aintained above 6 mg/L using liquid oxygen, and photoperiod was
ontrolled at 12 h light and 12 h dark. Water exchange was  ranged
0–500%/day. Addition of small-type rotifers, Brachionus sp. “Cay-
an”, to the rearing tank was started at 4 dph, and feeding densities
ere set at 5–10 individuals/mL in accordance with larval growth
ntil 25 dph. From 20 to 35 dph, Artemia nauplii were added once to
orth in accordance with larval growth. Rotifers and Artemia were
nriched with the DHA enrichment material (Bio Chromis, Chlorella
ndustry Co., Ltd., Tokyo, Japan). Fish were manually fed commercial
quaculture diets (Otohime, Marubeni Nissin Feed Co., Ltd, Tokyo,
apan; Jr., Maruha Nichiro Corporation, Tokyo, Japan) from 30 dph.
t 35 dph, approximately 200,000 juveniles were transferred to
nother 50 kL tank to reduce the rearing density. At 50 dph, these
sh were size graded using a screen-type automated live ﬁsh grader
Matsusaka Ltd., Osaka, Japan) and ﬁsh over 45 mm in total length
approximately top 60%) were moved to net cages off the coast
f Iwagi Island (34◦15′N, 133◦09′E,) in the Seto Inland Sea. 50,000
ndividual each was introduced into a net cage (10 × 10 × 6 m)  and
ultured until 200 dph. Fish were manually fed commercial diets
EP, Maruha Nichiro Corporation, Tokyo, Japan) once a day after
ransportation to the offshore net cage.
For genetic analysis, we ﬁrst collected 1000 individuals at 50
ph and measured body weight (g) as a growth trait. Then, one
undred individuals each of the top 10% (3.2 ± 0.3 g) as a fast-50
roup, the bottom 10% (0.6 ± 0.6 g) as a slow-50 group, and aver-
ge ±5% (2.0 ± 0.2 g) as a medium-50 group were collected based
n body weight (Fig. 1a). Moreover, to compare parental contri-
ution to growth after transportation to the offshore net cage at
00 dph, two groups of this population were sampled: 50 ﬁsh with
ood growth performance (44.5 ± 5.0 g) as a fast-200 group and
0 ﬁsh with bad growth performance (12.6 ± 2.9 g) as a slow-200
roup (Fig 1b). The ﬁsh making up the two groups at 200 dph wereFig. 1. Photographs of (a) typical fast-, medium-, and slow-growing ﬁsh individuals
at  50 dph, (b) typical fast- and slow-growing ﬁsh individuals at 200 dph. Bars indicate
10  mm.
identiﬁed based on body length as selected by the ﬁsh breeder.
All specimens were conﬁrmed to be without any malformations
based on visual observation. These specimens were stored in 99.5%
ethanol or at −20 ◦C for further genetic analysis.
2.2. DNA extraction and allele detection
Genome DNA was extracted using a High Pure PCR Template
Preparation Kit (Roche Diagnosis, Tokyo, Japan) from portions of
caudal ﬁn of specimens according to the manufacturer’s proto-
col. The primers of eight polymorphic microsatellite loci, Pma-2∗,
-3∗, -4∗, and -5∗ (Takagi et al., 1997); Pma22-9∗and Pma4-32∗
(Hatanaka et al., 2006); and Kpm2∗and Kpm22∗ (Blanco-Gonzales
et al., 2012) were used as neutral markers and ampliﬁed using
polymerase chain reaction (PCR). The general PCR protocol was
50 ng of extracted DNA, 0.1 M primer, 0.2 M deoxynucleotide
triphosphates (dNTPs), 0.05 L 99% formamid, and 2.5 units Ex
taq polymerase (Takara Bio, Shiga, Japan) with 10 × buffers to a
total volumes to 5 L. The PCR reactions were carried out on a
PC816 (Astec, Fukuoka, Japan) using the following proﬁle: 30 cycles
of 95 ◦C for 30 s, annealing temperature for each primer pair for
30 s, and 72 ◦C for 30 s. The annealing temperature followed a
previous study (Sawayama and Takagi 2014a). Forward primers
were labeled with ﬂuorescent dyes, and reverse primers were
tailed (Applied Biosystems, California, USA). The PCR products were
multi-loaded and separated by electrophoresis using an ABI Prism®
1 aculture Reports 2 (2015) 144–151
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Table 1
The number of full-sibling families (Full), half-sibling families related to dams (Dam)
and  sires (Sire), effective population size (Ne) and rate of inbreeding (F) observed in
each size group at 50 and 200 dph.
n Full Dam Sire Ne F
50
dph
Total 272 98 16 24 13.7 3.7
Fast 89 34 11 19 8.2 6.1
Medium 88 51 14 21 13.8 3.6
Slow 95 54 13 20 15.0 3.3
200
dph
Total  90 53 17 20 14.3 3.5
Fast 45 26 8 17 6.1 8.2
Slow 45 35 16 14 22.9 2.246 E. Sawayama, M. Takagi / Aqu
10 Genetic Analyzer (Applied Biosystems) for ﬂuorescent-labeled
CR products. Alleles were scored using PeakScanner® Software
1.0 (Applied Biosystems).
We  also used a minisatellite marker, pmaGH22,  as a candidate
ene marker for growth. The PCR protocol of pmaGH22followed
hat of Sawayama and Takagi (2015). In brief, PCR was conducted
ith 50 ng of extracted DNA, 0.3 M primer, 0.4 mM dNTPs, and 0.2
nits KOD Fx polymerase (Toyobo, Osaka, Japan) with 2 × buffer in
 total volume of 10 L. The PCR reactions were done as follows:
ne initial denaturing step for 2 min  at 94 ◦C, followed by 30 cycles
t 98 ◦C for 10 s, 63 ◦C for 30 s, and 68 ◦C for 60 s. The PCR prod-
cts were separated by a Fragment Analyzer (Advanced Analytical,
owa, USA) at 8 kV for 85 min  using a DNF-910 dsDNA Reagent Kit.
and sizes were calculated using PRO SizeTM software (Advanced
nalytical). Fragments scored at ±20 bp were electrophoresed in
he same capillary and their exact size determined.
.3. Data analysis
Microsatellite proﬁles for the 8 loci were used to identify the
ost likely parents among the 51 potential breeders for all the
uveniles analyzed. Parentage assignment was performed using the
xclusion-based approach implemented in the program Cervus 3.0
oftware (Kalinowski et al., 2007). Critical values for the  statis-
ics (conﬁdence levels at 80% and 95%) were generated by 100,000
ootstrap cycles from broodstock allele frequencies. A default geno-
yping error rate of 1% was used and it was assumed that all parents
ere sampled.
Allelic number, allele frequencies, as well as observed and
xpected heterozygosities of 8 neutral microsatellite markers and
maGH22 were calculated with GenAlEx V. 6. 3. (Peakall and
mouse, 2006). To correct for bias due to sample size, allelic rich-
ess was calculated as the average number of alleles per locus per
opulation based on the smallest sample size using FSTAT version
.9.3 (Goudet, 2002). Average numbers of these genetic diversity
ata of neutral microsatellite DNA data were compared with those
fpmaGH22. The inbreeding coefﬁcient (FIS) was estimated based
n the method of Weir and Cockerham (1984) using FSTAT 2.9.3
Goudet, 2002). To examine genetic differences in each size group,
 pairwise FST (Weir and Cockerham, 1984) was calculated using
STAT (Goudet, 2002) using 8 neutral microsatellite markers. Statis-
ical signiﬁcance levels were determined by applying a sequential
onferroni correction (Rice, 1989).
The observed number of each pmaGH allele was also com-
ared between size groups: fast-50 vs. medium-50, fast-50 vs.
low-50, medium-50 vs. slow-50, and fast-200 vs. slow-200. A chi-
quare test was applied to evaluate different contributions of alleles
etween these size groups at 50 dph and 200 dph. Statistical signif-
cance levels were determined by applying a Bonferroni correction
Rice, 1989) to adjust the P values (P < 0.05) in multiple testing of
he chi-square test.
The genetically effective population size (Ne) was estimated in
 way that accounted for unequal sex ratio and variance in family
izes. The effect of variation in family size on the effective numbers
f dams Ned and sires Nes was calculated according to Frankham
t al. (2002) as
Ned =
(NdKd − 1)[
Kd − 1 +
(
Vd
)] and Nes = (NsKs − 1)[
Ks − 1 +
(
Vs
)]Kd Ks
here Nd and Ns are the number of dams and sires, respectively;
d and Ks are the mean number of offspring per dam and sire; andn: Number of individuals.
Ne: Effective population size (Frankham et al., 2002).
F:  Rate of inbreeding (Falconer, 1989).
Vd and Vs are the variance in contribution for dams and sires. To
account for an uneven sex ratio, Ne was  estimated as
Ne = 4NedNes(Ned + Nes)
.
The rate of inbreeding (F) was calculated according to Falconer
(1989) as
F  = 1
2
(Ne) .
A chi-square test was applied to evaluate different contribu-
tions of dams and sires between size groups at 50 dph and 200 dph
(P < 0.05). Statistical signiﬁcance levels were also determined by
applying a Bonferroni correction (Rice, 1989) to adjust the P values
(P < 0.05) in multiple testing of the chi-square test.
3. Results
3.1. Broodstock contribution and effective population size in each
size size
Parentage assignment rates were 90.7% and 90.0% at 50 dph
and 200 dph, respectively. The number of fullsibs, dams, and sires
observed in each size group at both samplings is shown in Table 1.
Of the 51 individuals of broodstock, 40 and 37 were associated
with offspring at 50 dph and 200 dph, respectively, 16 dams and
24 sires were associated with offspring at 50 dph, and 98 fullsibs
were observed. In each size group at 50 dph, the numbers of associ-
ated dams ranged from 11 (fast-50) to 14 (slow-50), and the same
number of sires ranged from 19 (fast-50) to 21 (medium-50). The
number of fullsibs observed in each size group at 50 dph ranged
from 34 (fast-50) to 54 (slow-50). There were 5 sires that were not
associated with any offspring at any size group in both samplings.
Dam contribution for each size group at 50 dph is shown in Fig. 2.
When comparing the number of fast-50 with slow-50, one dam
(D11) was signiﬁcantly associated with the fast-growing group,
(2 = 4.6, d.f. = 1, P = 0.0316). D11 was  also signiﬁcantly associated
with fast-50 (2 = 5.6, d.f. = 1, P = 0.0178) compared with the num-
ber of medium-50. On the other hand, two dams (D5 and D13) were
signiﬁcantly associated with the slow-growing group (2 = 12.5,
d.f. = 1, P = 0.0003; 2 = 5.2, d.f. = 1, P = 0.0230, respectively). D5
was also signiﬁcantly associated with the medium-growing group
(2 = 5.8, d.f. = 1, P = 0.0158) when comparing the number of
medium-50 and slow-50, and D13 was  also signiﬁcantly associated
with the slow-growing group (2 = 7.2, d.f. = 1, P = 0.0072) when
comparing the number of medium-50 and slow-50.Sire contribution for each grading size at 50 dph is shown in
Fig. 3. Sire 19 (S19) was signiﬁcantly associated with the fast-
growing group compared with the number of slow-50 (2 = 28.9,
d.f. = 1, P < 0.0001). The P value of S19 was  also signiﬁcant from
E. Sawayama, M. Takagi / Aquaculture Reports 2 (2015) 144–151 147
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ero after a Bonfferroni correction (P < 0.0003). S19 was also
igniﬁcantly associated with the fast-growing group (2 = 13.5,
.f. = 1, P = 0.0002) when comparing the number of fast-50 and
edium-50, and the P value of this broodstock was also signif-
cant from zero after a Bonfferroni correction (P < 0.0003). Three
ires (S4, S12, and S14) were signiﬁcantly associated with the
low-growing group (2 = 4.8, d.f. = 1, P = 0.0270; 2 = 6.2, d.f. = 1,
 = 0.0125; 2 = 7.0, d.f. = 1, P = 0.0084, respectively). One sire (S26)
2as signiﬁcantly associated with the slow-growing group ( = 5.3,
.f. = 1, P = 0.0209) when comparing the number of medium-50 and
low-50.k possessing pmaGH -740, which was signiﬁcantly observed in the slow-growing
uency are indicated as asterisks.
Dam contribution for each grading size at 200 dph is shown
in Fig. 4. In comparing fast-200 and slow-200, one dam (D17) was
signiﬁcantly associated with fast-200 (2 = 41.7, d.f. = 1, P < 0.0001),
and the P value of this broodstock was also signiﬁcant from zero
after a Bonfferroni correction. On the other hand, two  dams (D1 and
D5) were signiﬁcantly associated with slow-200 (2 = 3.9, d.f. = 1,
P = 0.0491; 2 = 6.4, d.f. = 1, P = 0.0112, respectively). D5 was  also
signiﬁcantly associated with the slow-growing group at 50 dph.Sire contribution for each size group at 200 dph is shown
in Fig. 5. S19 was  signiﬁcantly associated with the fast-growing
group (2 = 7.6, d.f. = 1, P = 0.0058) as observed at 50 dph. One sire
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S3) was associated with the slow-growing group (2 = 6.4, d.f. = 1,
 = 0.0112).
Estimated population size (Ne) was calculated based on the dam
nd sire data inferred from DNA parentage analysis (Table 1). The
e of fast-growing groups at both 50 and 200 dph was smaller (8.2
nd 6.1, respectively) than the medium- (13.8) and slow-growing
roups (15.0 at 50 dph, and 22.9 at 200 dph). The F  of the fast-
rowing group at 50 dph was almost double that of the other
roups, and the F  of the fast-growing group at 200 dph was
uadruple that of the slow-growing group.
.2. Genetic diversity of neutral microsatellites and the growth
ormone gene markers
Population genetic parameters such as averages of allelic num-
er, observed and expected heterozygosity, and FIS are shown in
able 2. The average number of alleles per locus in neutral markers
anged from 6.1 (medium-50) to 7.6 (broodstock). Allelic rich-
ess showed the same trend as average number of alleles per
ocus. Observed heterozygosity (Ho) of neutral markers in offspring
ranged from 0.731 to 0.843) decreased slightly compared with the
roodstock population (0.877). The expected heterozygosity in the
ast-growing groups at 50 and 200 dph (0.819 and 0.843, respec-
ively) was higher than the other groups. Negative FIS was  observed
n the broodstock, fast-50, medium-50, and fast-200 groups, but
IS of the slow-growing groups at 50 and 200 dph were slightly
ositive.
Six alleles (740, 900, 940, 960, 1220, and 1800 bp) were observed
n all size groups in pmaGH22.  Allelic richness showed the same
rend as the average number of alleles per locus. The observed
nd expected heterozygosities of pmaGH22 in the 50 dph sam-
ling ranged from 0.560 (medium) to 0.660 (slow), and 0.659
fast) to 0.765 (slow), respectively. The observed heterozygosities
f pmaGH22 in the 200 dph sampling were 0.480 (fast) and 0.500
slow). The expected heterozygosities of pmaGH22 in the 200 dph
ampling were 0.638 (fast) and 0.645 (slow). Positive FIS (ranged
rom 0.134 to 0.247) was observed in all size groups of pmaGH22.
Signiﬁcant differences were observed between all size groups
ithout fast-50 and fast-200 in the calculation of pairwise FST
P < 0.05 after the Bonfferroni correction).
.3. Association of pmaGH alleles with growth performanceThe frequency of six pmaGH22 alleles (740, 900, 940, 960, 1220,
nd 1800 bp) between size groups is shown in Fig. 6. We  observed
 signiﬁcant difference between the fast- and slow-growing groups
t 50 dph in the number of two alleles (740 bp and 900 bp, respec-quency of pmaGH at 200 dph. Signiﬁcant P values of the chi-square test after
Bonferroni correction for allele frequency are indicated as letters.
tively). The allele frequencies of 740 bp at 50 dph were 0.075
(n = 15, fast-50), 0.160 (n = 32, medium-50), and 0.200 (n = 40, slow-
50), and the number of observed alleles was  signiﬁcant between
fast-50 and slow-50 (2 = 13.2, d.f. = 1, P = 0.0003). There were no
signiﬁcant differences in the number of observed alleles at 740 bp
between fast-50 and medium-50 and between medium-50 and
slow-50 (P > 0.017). The allele frequencies of 900 bp at 50 dph
were 0.545 (n = 109, fast-50), 0.435 (n = 87, medium-50), and 0.350
(n = 70, slow-50), and the number of observed alleles was signiﬁcant
between fast-50 and slow-50 (2 = 15.4, d.f. = 1, P < 0.0001). There
were no signiﬁcant differences in the number of observed alleles
at 900 bp between fast-50 and medium-50 and between medium-
50 and slow-50 (P > 0.017). The allele frequency of 940, 960, 1220,
and 1800 bp at 50 dph and all alleles at 200 dph was not signiﬁcant
between each sampling (P > 0.017).
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Table  2
Summary statistics of the neutral microsatellite DNA and growth hormone gene minisatellite DNA marker variations in broodstock and each size group at 50 and 200 dph
Broodstock 50 dph 200 dph
Fast Medium Slow Fast Slow
n 51 100 100 100 50 50
Neutral Na 7.6 6.4 6.1 6.4 6.3 6.4
Ar  7.6 6.3 6.1 6.3 6.3 6.4
Ho  0.877 0.819 0.785 0.731 0.843 0.748
He  0.763 0.754 0.746 0.747 0.748 0.753
FIS −0.152 −0.081 −0.039 0.026 −0.117 0.044
pmaGH Na  6 6 6 6 6 6
Ar  6 6 6 5.9 6 6
Ho  0.510 0.570 0.560 0.660 0.480 0.500
He  0.642 0.659 0.736 0.765 0.638 0.645
FIS 0.206 0.134 0.240 0.138 0.247 0.225
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 of the red sea bream growth hormone gene. n: number of individuals. Na: num
eterozygosity. FIS: inbreeding coefﬁcient.
One dam (D5) and two sires (S4 and S14), possessing the allele
40 bp of pmaGH22,  were signiﬁcantly associated with the slow-
rowing groups in both samplings.
. Discussion
.1. Broodstock contribution for growth performance
Some broodstock signiﬁcantly contributed to the fast- or the
low-growing groups. In addition, parental contributions in each
ize group at 50 dph reﬂected that in 200 dph. These results support
he idea that growth trait and phenotype-based growth selec-
ion are effective (Murata et al., 1996). However, most broodstock
ndividuals were associated with both the fast- and slow-growing
roups. Moreover, growth trait is also affected by environmental
actors (Saillant et al., 2006). Therefore, there are some risks of
ndividuals having low genetic features affecting growth trait at
 constant rate whenever growth selection is based on phenotype
nly, so family and individual selections based on DNA parentage
ata and candidate gene markers are needed.
.2. Population genetic parameters between size groups
We  compared the genetic variability of eight neutral microsatel-
ite DNA markers with a growth-related candidate gene marker,
maGH22,  between each size group at 50 dph and 200 dph. The FIS
f the neutral markers increased from fast-growing groups (−0.081
nd −0.117 at 50–200 dph, respectively) to slow-growing groups
0.026–0.044 at 50–200 dph, respectively). This result suggests
nbreeding in which many genomic regions have attained homozy-
ote status in the slow-growing groups. It is known that inbreeding
auses growth delay in some domesticated ﬁsh (Nakadate et al.,
003), and these results may  indicate that inbreeding negatively
ffects growth in this ﬁsh species.
The heterozygosity of pmaGH22 is lower than that of the neutral
arkers. The FIS of pmaGH22 also showed larger value than that of
he neutral markers. The lower genetic diversity of pmaGH22 pos-
ibly suggests that this broodstock population has been selected
ased on the trait affected by GH, and therefore this candidate
ene inclines more toward homozygote status than other neutral
arkers.
Both the slow-growing groups at 50 dph and 200 dph showedxcess homozygosity compared with the other size groups. Effec-
ive population size (Ne) based on the parentage analysis showed
arger numbers of broodstock contributed more to the slow-
rowing groups than the medium- and fast-growing groups. The32, Kpm2, and Kpm22). pmaGH: a minisatellite DNA marker located in the intron
 alleles per locus. Ar: allelic richness. Ho: observed heterozygosity. He: expected
rates of inbreeding (F) in the slow-growing groups were also
lower than the other size groups in both samplings. Dams and
sires used for production were from the same broodstock popu-
lation, and the kinship of some couplings showed possibly close
relationships such as brother and sister. To avoid future inbreeding,
broodstock should be selected using methods such as the minimal
kinship approach (Ortega-Villaizan et al., 2011).
4.3. pmaGH polymorphism and growth
We identiﬁed two  alleles, pmaGH-740 and -900, that were signif-
icantly observed in the slow- and fast-growing groups at 50 dph,
respectively. Single nucleotide polymorphisms (SNPs) located in
GH are associated with enhanced growth in cattle (Tambasco et al.,
2003). The minisatellite polymorphism of pmaGH possibly links
to SNPs/indel in coding regions of pmaGH. In addition, polymor-
phisms of GH gene are known to affect mRNA expression in gilthead
seabream, Sparus aurata,  a closely related ﬁsh species to red sea
bream. A microsatellite located in the promoter region of the GH
gene showed associated growth performance and suggested the
size of the microsatellite can inﬂuence Pit-1 binding afﬁnity, which
is responsible for pituitary development and hormone expression
(Almuly et al., 2005). In the promoter region of the pmaGH,  there is
a microsatellite at a similar position to the gilthead seabream GH
and some ﬁsh species (Almuly et al., 2005), but no polymorphism
is informed in the pmaGH (Sawayama and Takagi, 2015). The ﬁrst
intron of the gilthead seabream GH also contains a minisatellite
structure with the consensus half-site motif of the thyroid hor-
mone response element and estrogen response element (Almuly
et al., 2000). Almuly et al. (2008) also reported the length of the
ﬁrst intron of the gilthead seabream growth hormone gene regu-
lates GH expression. We  identiﬁed similar motifs in the ﬁrst intron
of the pmaGH, but unfortunately, the minisatellite motif of intron
1 of pmaGH is difﬁcult to amplify (Sawayama and Takagi, 2015).
Therefore, we  did not evaluate this region as a candidate gene
marker. In future research, sequencing analysis of pmaGH exons and
expression analysis of GH mRNA using individuals inheriting both
growth-related alleles of pmaGH is necessary to conﬁrm how these
alleles are associated with the growth of red sea bream juveniles.
Broodstock individuals possessing the pmaGH-740 allele were
frequently observed in the slow-growing groups compared with
the fast-growing groups at 50 dph and 200 dph. This result also
supports that pmaGH-740 is negatively linked to growth between
families, and this marker could be useful in eliminating broodstock
potentially having low growth performance. We already devel-
oped several test families inheriting these alleles, and observed that
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amilies inheriting pmaGH-740 showed growth delay compared
ith the families that did not inherit this allele (data not shown).
n the other hand, broodstock possessing pmaGH-900 were also
ften observed in the fast-growing groups, but many broodstock
nherited this allele (out of 76%) and approximately half of these
roodstock had homozygote status (data not shown). Therefore, it
s difﬁcult to conclude that pmaGH-900 is associated with faster
rowth of red sea bream, even though the allele was signiﬁcantly
bserved in the fast-growing groups.
The allele frequency of both alleles of pmaGH (740 bp and
00 bp) showed no signiﬁcant difference between the fast- and
low-growing groups at 200 dph. The size grading was  conducted
t 50 dph, and the top 60% of the seedlings were cultured until
00 dph. Therefore, one possibility is that most of the slow-growth
eedlings inheriting allele 740 bp were omitted in the ﬁrst size
rading. Moreover, one sire possessing allele 740 bp showed no sig-
iﬁcant association with the slow-growing groups at both 50 dph
nd 200 dph, and not all of allele 740 bp of pmaGH may  be associated
ith the growth delay.
Growth trait is one quantitative trait and is associated with
ot only GH but also several genes such as GH receptor, insulin-
ike growth factor, and leptin in ﬁsh (De-Santis and Jerry, 2007;
aneko et al., 2012). Moreover, Hosoya et al. (2013) reported that
TL of body size in Takifugu rubrips closely mapped with Fgf21,
hich inhibits growth hormone signaling (Inagaki et al., 2008). In
ddition, it is known that multiple genes control growth in dif-
erent growth phases (Ishikawa et al., 2005), and growth is also
ontrolled by sex and gonads (Bhatta et al., 2012). It is also impor-
ant to conﬁrm whether these other candidate genes are associated
ith growth of red sea bream juveniles.
. Conclusion
The numbers of associated broodstock individuals and genetic
ariability associated with the fast-growing groups were smaller
han for the medium- and slow-growing groups at 50 and 200 dph.
his result indicates that the fast-growing groups were generated
y speciﬁc broodstock and this ﬁsh species still has the poten-
ial for improved growth through selective breeding. Moreover, we
dentiﬁed two alleles of the pmaGH minisatellite that were signif-
cantly observed in the fast- and slow-growing groups at 50 dph,
nd suggested the usefulness of this candidate gene marker. Fam-
ly selection based on DNA parentage analysis and candidate gene
onitoring should improve the growth of red sea bream.
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